
1 
 

Direct measurement of π coupling at the single molecule level using 

a carbon nanotube force sensor 

Tu Hong1, Tianjiao Wang1, and Ya-Qiong Xu1,2,* 

 

1Department of Electrical Engineering and Computer Science, 2Department of Physics and 

Astronomy, Vanderbilt University, Nashville, TN 37212, USA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*Correspondence to: yaqiong.xu@vanderbilt.edu 

  

mailto:yaqiong.xu@vanderbilt.edu


2 
 

ABSTRACT 

We report a carbon nanotube (CNT) force sensor that combines a suspended CNT transistor with 

dual-trap optical tweezers to explore the interactions between two individual molecules in the near-

equilibrium regime with sub-piconewton resolution. The directly-measured equilibrium force (1.2 

± 0.5 pN) is likely related to the binding force between a CNT and a single DNA base, where two 

aromatic rings spontaneously attract to each other due to the noncovalent forces between them. 

Based on our force measurements, the binding free energy per base is calculated (~ 0.34 eV), 

which is in good agreement with theoretical simulations. Moreover, three-dimensional scanning 

photocurrent microscopy enables us to simultaneously monitor the morphology changes of the 

CNT, leading to a comprehensive reconstruction of the CNT-DNA binding dynamics. These 

experimental results shed light on the fundamental understanding of the mechanical coupling 

between CNTs and DNA molecules and more importantly, provide a new platform for direct 

observation of intermolecular interface at the single-molecule level.  
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Interactions between π-electron systems are abundant in nature and these non-covalent 

bindings play fundamental roles in a wide variety of disciplines, such as physics, chemistry, 

biology, materials science, and nanotechnology.1-11 Numerous efforts have been made to 

investigate these interactions using isothermal titration calorimetry, conformational isomerism, 

and chemical double mutant cycle, and direct force measurements.12-16 While providing valuable 

information on the binding strength of π coupling, these methods depend on the averaging of 

ensemble data and oversimplifies the fluctuating details from single-aromatic ring interactions that 

are essential to the fundamental understanding of the interfaces in π-electron systems.  Therefore, 

a complete understanding of these nanoscale interactions is still missing, owing to the lack of 

experimental detection of π coupling at the single molecule level in the near-equilibrium regime. 

Measuring the binding force between two individual aromatic rings has been extremely 

challenging due to limited instrumental spatial resolution, in terms of both physical dimensions of 

probes and the ability to control objects with single-molecule precision. 

CNTs are one-dimensional materials with exceptional electrical, optical, thermal, and 

mechanical properties.17-21 Their diameters can easily achieve sub-1-nm scale, providing a natural 

platform for binding of single aromatic ring structures. Field effect transistors (FETs) based on 

CNTs have been studied to identify single-molecule dynamics through conductance measurements 

with molecules that bind to defect sites on CNTs22 or attach through noncovalent mobilization.22, 

23 However, precise control of the binding molecules on CNT sidewalls remains unsolved. Optical 

tweezers are promising tools for micromanipulation of single biological molecules, offering 

precise three-dimensional manipulation of trapped objects with sub-piconewton force 

measurement accuracy and sub-millisecond temporal resolution.24-26  
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Here, by taking advantage of the intrinsic small diameter of a carbon nanotube (CNT), we 

report a CNT force sensor that combines a suspended CNT transistor with dual-trap optical 

tweezers to explore the interactions between two individual molecules in the near-equilibrium 

regime with sub-piconewton resolution. The directly-measured equilibrium force (1.2 ± 0.5 pN) is 

likely related to the binding force between a CNT and a single DNA base, where two aromatic 

rings spontaneously attract to each other due to the noncovalent forces between them. Based on 

our force measurements, the binding free energy per base is calculated (~ 0.34 eV), which is in 

good agreement with theoretical simulations.27-36 Moreover, three-dimensional scanning 

photocurrent microscopy enables us to simultaneously monitor the morphology changes of the 

CNT transistor37-39 to reconstruct the CNT-DNA binding dynamics. These experimental results 

are the first direct measurement of the binding force between two individual aromatic rings, which 

not only provide an in-depth understanding of the ubiquitous interactions but also offer an ultra-

sensitive probing platform to explore the mechanical coupling of the nano-bio interfaces at the 

single-molecule level.  

We fabricated Pt electrodes separated by a 5 µm wide and 4 µm deep trench on a 170 µm 

thick transparent fused silica substrate. CNTs, which suspended over the trench, were subsequently 

synthesized by chemical vapor deposition to connect the two electrodes (Fig. 1a). Direct growth 

of CNTs allows for ultraclean carbon surfaces without contamination, minimizing the undesirable 

influence during the fabrication processes. We then chose CNT FETs in which only one nanotube 

bridged two electrodes for further experiments (Fig. 1b). Next, the CNT transistor was sealed in a 

microfluidic chamber with a large gold pad that acted as an electrolyte gate to modulate the 

electrochemical environment of the CNT. Gate-dependent conductance measurement of a typical 
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CNT transistor displays p-type semiconducting characteristics, consistent with previous reports of 

electrolyte-gated CNT transistors.40, 41 

High-resolution dual-trap optical tweezers (𝜆𝜆 = 1064 nm)37, 42 were adapted into our 

optoelectronic probing system to manipulate a single double-stranded DNA (dsDNA) molecule (~ 

5 kbp). The dsDNA molecule was end-modified and attached to a microscopic polystyrene bead 

on each end to form a dsDNA tether (Fig. S1a). The distance between the beads was controlled by 

moving two optical traps through two piezo-controlled rotary mirrors, respectively. We further 

combined dual-trap optical tweezers with a 3D scanning photocurrent microscopy setup to allow 

simultaneous recording of photo-generated current signals and reflection light of a CNT transistor 

when another laser beam (𝜆𝜆 = 785 nm) spatially scanned over the CNT. This technique not only 

probes local optoelectronic properties of the CNT, but also offers information of its position and 

morphology. By overlapping optical and photocurrent images of a CNT transistor (Fig. 1c), we 

can precisely locate the CNT position relative to the dsDNA tether. Figure 1d shows the scanning 

photocurrent image of a CNT transistor in the xy plane, with coordinates defined in Fig. 1a. The 

photocurrent responses originate from electron-hole pair separation due to Schottky barriers at 

electrode-CNT junctions and local band-bending along the CNT.37, 38 

The behaviors of dsDNA and single-stranded DNA (ssDNA) are significantly different 

when they attach to the surface of CNTs. Typically, the binding force between ssDNA and CNTs 

is relatively strong due to the interactions between DNA bases and the hexagonal lattice of CNT 

sidewalls,2, 43-45 whereas the hydrophilic backbone of dsDNA are not spontaneously attracted to 

the uncharged surface of CNTs.46 We first investigate the binding between CNTs and ssDNA. 

Here, ssDNA segments were randomly generated by overstretching a dsDNA tether, and some of 

these segments could locate in the middle of the DNA tether47, 48 (supplementary information). 
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The creation of the ssDNA-dsDNA hybrid was confirmed by the force-extension curve of the DNA 

that was noticeably different from the elastic behavior of a dsDNA (Fig. S2b).47, 49 In comparison 

with ssDNA, this hybrid DNA structure partially maintains the rigidity of dsDNA and can 

generally avoid the floppiness and complicated secondary structures of typical ssDNA molecules. 

We determine the force applied to the hybrid DNA by video image analysis (VIA) of bead 

displacements in the lateral and axial directions, respectively.37, 50 Figure 2a shows the 

experimental geometry in the xz plane. The distance between the optical trap center and bead center 

in the x and z directions are defined as xbead and zbead, respectively. We only considered the right 

optical trap here since similar results were obtained from the left optical trap. The forces applied 

to the beads by optical tweezers were calculated based on bead displacements from VIA and trap 

stiffness obtained from position sensitive detectors (PSDs) (supplementary information). We also 

used PSDs to collect transmitted laser beams to calculate the force applied to the hybrid DNA in 

the lateral direction to further verify our VIA results, while PSD measurements are insufficient to 

determine the force in the axial direction. In our experiments, we moved the hybrid DNA tether to 

the area above the suspended CNT. The middle of the hybrid DNA tether was placed atop the 

center of the CNT in the perpendicular direction (Fig. 1a) so the forces applied to the left and the 

right bead were almost symmetric when the DNA molecule was attached to the CNT. To minimize 

the friction forces induced by parallel sliding, we focused on the force measurements in which the 

forces on the left and right beads were balanced. Therefore, the majority of the external force 

applied in the direction normal to the molecular plane and our measured force is expected to be 

the adhesive force between a CNT and DNA molecule. Typical forces applied on a bead by optical 

traps are shown in Fig. 2b. The green curve represents the z position of the optical trap centers 

relative to the electrode plane. When the hybrid DNA tether was pushed down by optical traps in 
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the direction toward the CNT, the force remained constant (𝐹𝐹𝑧𝑧 = 0, blue) until the DNA tether 

touched the CNT surface (z = 0), where the electrodes, CNT, optical trap centers, and bead centers 

lied roughly in the same plane. Subsequently, the force in the axial direction (|𝐹𝐹𝑧𝑧|) started to 

increase when the optical traps were further moved down, indicating that the DNA tether pushed 

the CNT down while the CNT held up the DNA tether and dragged the beads away from the optical 

trap centers. As a result, a force towards the center of the optical trap was applied to the bead, 

leading to force changes in both negative 𝑧𝑧 (𝐹𝐹𝑧𝑧) and positive 𝑥𝑥 directions (𝐹𝐹𝑥𝑥). As shown in Fig. 

2b inset (attached video), beads in optical images showed darkened color after the DNA tether 

touched the CNT sidewall, suggesting that the beads were pulled up by the CNT to the position 

above the focal-plane (or the center of optical traps). 

Next, we simultaneously moved two optical traps in the positive z direction to detach the 

hybrid DNA from the CNT. |𝐹𝐹𝑧𝑧| gradually decreased when the DNA tether moved up until the 

optical trap centers return to the electrode plane (z = 0), where the DNA tether remained in a 

straight line without bending upward or downward (𝐹𝐹𝑧𝑧 = 0). When pulling the DNA tether further 

up from the CNT, 𝐹𝐹𝑧𝑧  started to increase again, but in the positive 𝑧𝑧 direction, since the DNA 

molecule was still attached to the CNT and pulled the beads below the optical trap centers (or the 

focal plane), as shown in Fig. 2b inset where the beads that held the DNA tether appeared brighter. 

When we continued to pull the DNA tether up, both 𝐹𝐹𝑧𝑧 and 𝐹𝐹𝑥𝑥 abruptly dropped, suggesting the 

DNA tether was detached from the CNT surface. 𝐹𝐹𝑥𝑥 on each bead is responsible for stretching the 

DNA tether in the lateral direction, whereas 𝐹𝐹𝑧𝑧 corresponds to the binding force between the CNT 

and the hybrid DNA. Note that when we performed similar experiments with dsDNA tethers 

without ssDNA segments, no abrupt force drop was detected within our instrument detection limit 
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(Fig. S4), indicating that the abrupt force drop mainly results from the detachment of ssDNA 

segments from the CNT surface. 

We further look into the detachment process of ssDNA-CNT interactions in detail. The top 

panel of Fig. 2c shows the positions of optical trap centers relative to the electrode plane in a 1-

second timeframe; the bottom panel displays the forces exerted on the bead by optical tweezers in 

the x (red) and z (blue) directions, respectively. When we slowly moved up the optical traps, 𝐹𝐹𝑧𝑧 

and Fx abruptly dropped 0.7 ± 0.1 pN and 0.8 ± 0.2 pN, respectively. More importantly, after the 

sudden force change, the bead no longer experienced forces in the axial direction when we slightly 

moved the DNA tether up and down, suggesting the DNA tether was indeed detached from the 

CNT surface. The binding force between ssDNA segments and the CNT was the combination of 

the forces in the axial direction from both left and right optical traps, distributing into three groups: 

1.2 ± 0.5 pN, 3.3 ± 0.5 pN, and 4.8 ± 0.1 pN and displaying a linear relationship (Fig. 3a). We also 

know that the length per base of ssDNA is about 0.5 nm,51 which is smaller than the average 

diameter of CNTs (1.1 nm, Fig. 3b and 3c) used in our experiments. This allows 1 ‒ 3 ssDNA 

bases to bind simultaneously to the CNT surface (Fig. 3d). Therefore, these distinctive groups of 

binding forces are likely due to the interactions between different lengths of ssDNA segments (or 

numbers of bases) and the CNT surface, where the binding force for a single base on the CNT 

surface is 1.2 ± 0.5 pN. Since the interaction between the sugar-phosphate backbone of ssDNA 

and the CNT surface is too weak to be detected by our force sensor as demonstrated in our dsDNA-

CNT experiments, the measured binding force is likely attributed to the interactions between a 

nitrogenous base and the hexagonal CNT sidewall. The standard deviation of the binding force 

may result from the interactions between different orientations/types of DNA bases and CNTs.27-

32, 52-57  
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Interestingly, the binding forces between ssDNA and CNTs measured in our optical 

trapping system are much smaller than those reported in previous studies by peeling ssDNA 

homopolymers from graphitic surfaces using an atomic force microscopy (AFM).16, 58-60 Most of 

the AFM based studies were performed in a high loading rate regime or far-equilibrium regime, 

where the rupture force depends on the loading rate and is expected to be significantly larger than 

the equilibrium force.16, 58-60 However, the loading rates used in our optical trapping system are 

0.01~1.0 pN/s, which are four orders of magnitude lower than those used in previous AFM 

studies.16, 58-60 More importantly, there is no obvious loading rate dependence observed in our 

measurements, suggesting that our measurements are performed in the near-equilibrium regime.61 

We also found that the measured binding force is smaller than the maximum adhesive force 

estimated from derivatives of smooth continuous energy functions in previous studies.62, 63 In our 

experiments, external forces are discontinuous functions with a jump discontinuity at the 

displacement coordinate, leading to a jump discontinuous change in the complex geometry. As a 

result, the measured binding forces could be smaller than the maximum adhesive forces. Moreover, 

the contact zone between the curved CNT and orthogonally-aligned DNA molecule is very small 

and thus a limited number of atoms is expected to contribute the adhesion. In addition, the 

complicated geometry between the curved CNT and DNA molecule will influence the adhesive 

force between them.  

Based on the measured equilibrium force, we calculated the binding free energy per base. 

For optical tweezers, the trapped beads display a Hookean response to the displacement relative to 

the center of an optical trap. The CNT-DNA bond and the force transducer (bead-DNA-bead 

tether) are either in the bound state (where a bond is formed between a CNT and DNA base) or in 

the unbound state (where the system fluctuates in the potential well of the force transducer). The 
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equilibrium force between the bound and unbound states of the system is given by 𝑓𝑓𝑒𝑒𝑒𝑒 = √2𝑘𝑘𝑘𝑘𝑘𝑘, 

where k is the stiffness of the optical traps, and ΔG is the equilibrium free energy change between 

the bound and the unbound states.64 In our measurements, the stiffness in the z direction is 0.013 

pN/nm and the average binding force between a DNA base and a CNT is about 1.2 pN. The 

calculated equilibrium free energy change is ~ 0.34 eV, which is in good agreement with 

theoretical simulations.27-36 

To further elucidate the binding dynamics between CNTs and DNA molecules, we record 

the morphology changes of CNTs through 3D scanning photocurrent microscopy. As shown in 

Figure 4, the z position is the distance between optical trap centers and electrodes, where z = 0 

indicates that the optical trap centers and electrodes lie in the same plane. Initially, a CNT 

suspended between the two electrodes and bent slightly upward, a typical morphology for CNTs 

in aqueous media. When we pushed down a DNA tether in the perpendicular direction of the CNT 

(𝑧𝑧 = ‒ 800 𝑛𝑛𝑛𝑛), the CNT was dragged down as observed from its photocurrent image in the yz 

plane. When the DNA tether was moved up, the CNT was pulled up by the DNA tether until it 

detached from the CNT surface (z = 1200 nm). 3D scanning photocurrent measurements allow us 

to comprehensively monitor the morphology changes of a CNT, providing more information of 

CNT-DNA binding dynamics. We also noticed slight changes of photocurrent signals while DNA 

tether touched and detached from the CNT, which may be related to the electron transfer between 

them. More accurate measurements of CNT photocurrent changes, under different CNT-DNA 

interaction conditions, may be required to pin down the relationship between CNT photocurrent 

responses and the electrical coupling between CNTs and DNA molecules in future studies. 

In conclusion, by combining dual-trap optical tweezers with 3D scanning photocurrent 

microscopy, we have designed an ultrasensitive CNT force sensor to investigate the mechanical 
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coupling between individual DNA molecules and CNTs at the single-molecule level in the near-

equilibrium regime. The binding force and free energy between a single DNA base and a CNT are 

likely 1.2 ± 0.5 pN and 0.34 eV, respectively. The integration of single molecule force 

spectroscopy with low-dimensional materials based nanoelectronics not only sheds light on the 

fundamental understanding of mechanical coupling between CNTs and DNA molecules, but also 

opens up new avenues for direct observation of intermolecular interface at the single-molecule 

level. 
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Figure 1.  (a) Schematic  of  a  CNT  transistor  combined  with  dual-trap  optical  tweezers.  A 

suspended CNT was synthesized across a 5 µm wide, 4 µm deep trench on a 170 µm thick fused 

silica substrate. The DNA was controlled by dual-trap optical tweezers via polystyrene beads and 

placed in the perpendicular direction to the CNT. The coordinates are defined in the lower right 

corner. (b) Scanning electron microscope image of a typical CNT transistor. (c) Overlap of optical 

and photocurrent images of a CNT transistor. The relative position of a DNA tether to the CNT 

can thus be identified. (d) Scanning photocurrent image of a CNT transistor in the xy plane. The 

scale bars in b-d are 1 µm. 
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Figure 2. (a) Experimental geometry of a DNA tether attached to a CNT in the xz plane. Optical 

traps applied forces to the beads in both lateral (x) and axial (z) directions. (b) CNT-DNA 

interactions as a function of time. The green curve shows the distance between the optical trap 

centers and electrodes in the z direction. The red and blue curves represent forces applied to the 

right bead by an optical trap in the x and z directions, respectively. Inset: optical images of beads 

(in the xy plane) and corresponding schemes (in the xz plane) showing the relative positions 

between the CNT (black circle) and the DNA tether (purple line). (c) Optical trap center position 

in the z direction (green) and force changes in the x (red) and z (blue) directions with standard 

deviations when DNA was detached from the CNT. 
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Figure 3. (a) Average binding force with standard deviation for different numbers of DNA bases 

that bind to a CNT. (b) AFM image of CNTs on a fused silica substrate. The scale bar is 100 nm. 

(c) Histogram of CNT diameter distribution. The CNTs show an average height of 1.1 ± 0.3 nm.  

(d) Schematics of ssDNA bases binding on CNTs. 
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Figure 4. Morphology change of a CNT during its interaction with a DNA tether monitored by 

3D scanning photocurrent microscopy in the yz plane. The horizontal dashed white lines mark the 

positions of the electrode plane. The distance between two electrodes is 7 µm. The schematics 

show the relative positions between the CNT and the DNA tether in the xz plane. 
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